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Abstract 
Heat loss through the bottom of a salt gradient solar pond is significant if the bottom of the pond is non-insulated. This loss has 
an impact on the thermal performance of the solar pond and the solar air conditioning system connected to it. In this paper, a 
coupled simulation between a transient model of the solar pond and the ground underneath it in MATLAB and of an absorption 
chiller, air conditioning system and building in TRNSYS is used to investigate the effect of ground conditions on the 
performance of the complete system. Four factors have been studied for soil underneath the solar pond: moisture content, soil 
type, sandy soil texture and the depth of the water table. It was found that dry, fine sandy soil with low thermal conductivity is 
best and that the deeper the water table, the better for system performance.      
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1. Introduction 
Air conditioning is essential for residential buildings in hot and dry weather such as the Middle East. An 
attractive alternative to vapour compression refrigeration for air conditioning could be absorption refrigeration 
driven by heat energy, particularly solar thermal energy [1]. Different types of solar thermal collectors have been 
used in such solar air conditioning systems, such as flat plate solar collectors and evacuated tube collectors [2]. A 
salinity gradient solar pond has been suggested as a combined collector and heat store to drive an absorption chiller. 
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In a salinity gradient solar pond, solar radiation penetrates to the bottom of the pond, which is usually black to 
absorb as much radiation as possible, and heats it.  Heat loss to the surroundings is reduced by the salinity gradient 
(explained below), so high temperatures can be achieved at the bottom of the pond.  Heat can be withdrawn from the 
bottom of the pond to drive an absorption chiller or other load. 
The pond is typically composed of three zones as shown in Figure 1. The topmost zone is the Upper Convective 
Zone (UCZ), which has the lowest salt concentration and protects the other zones from disturbance by the wind. The 
middle zone is the Non-Convective Zone (NCZ), which has salt concentration increasing with depth. The increase in 
density due to increasing salt concentration is greater than the decrease due to increasing temperature.  Thus 
convection currents are suppressed and, as the thermal conductivity of water is fairly low, the NCZ acts as an 
insulator over the bottom zone. The bottom zone is the Lower Convective Zone (LCZ), which has the highest salt 
concentration and temperature, and stores heat to supply the load. 
Solar ponds are usually contained in earth excavations, and the heat loss to the ground can have an important 
influence on the performance of the pond. Saxena et al. [3] investigated the effect of water table depth on solar pond 
thermal performance. Simulation analysis indicated that the deeper the water table, the lower the heat losses and the 
higher the temperature achieved by the pond. Zhang and Wang [4] studied the time–dependent ground heat storage 
capacity, its relations to the parameters of the pond and the properties of soil beneath the pond, and its effects on the 
transient behaviour of the solar pond. They concluded that the ground thermal properties and the depth of the water 
table had a significant influence on the transient behaviour. 
In this article the effect of four ground conditions (moisture content, soil type, sandy soil texture and the depth of 
the water table) is investigated using a coupled simulation between a transient model of the solar pond and the 
ground underneath it in MATLAB and of an absorption chiller, air conditioning system and building in TRNSYS. 
Different soil types and water table depths were tested with all other parameters unchanged.  It was assumed that 
there was no insulation between the pond and the ground. 
 
Nomenclature                                                                                                                  Greek letters 
Cp specific heat capacity for brine (J/kg °C)                                       ߠݎ     angles of refraction 
Cpg         specific heat capacity for soil (J/kg °C)                                           ȡ      brine density (kg/m3)  
Cpgd dry specific heat capacity for soil (J/kg °C)                                    ȡg     soil density (kg/m3) 
Cpgc        corrected specific heat capacity for soil (J/kg °C)                          ɏ      dry soil density (kg/m3) 
Cpw specific heat capacity for water (J/kg °C)                                       ɏcorrectedsoil density (kg/m3) 
Ho  insolation incident on horizontal surface (W/m2)                           ɏ     water density (kg/m3)                
Hx incoming radiation flux at depth x (W/m2)                                     ߱     moisture content (% of total weight) 
Hb incoming radiation flux at bottom of the pond (W/m2) 
h convection heat transfer coefficient for LCZ (W/m2 °C)         
k thermal conductivity (W/m °C) 
kg soil thermal conductivity (W/m °C) 
Lg depth of water table (m)   
LCZ Lower Convective Zone 
NCZ Non-Convective Zone     
T temperature (°C)  
Tb temperature at the bottom (°C) 
Tg ground or soil temperature (°C) 
UCZ Upper Convective Zone 
x distance from the surface of the solar pond (m) 
X layer thickness (m) 
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2. Mathematical modelling 
The governing equations of one-dimensional heat transfer for the salinity gradient solar pond and the ground 
underneath it are solved numerically by an explicit finite difference method, to determine the temperature 
distributions within the pond and the ground, as shown in Figure 1. The code is written in MATLAB. The most 
important output from the code is the temperature of the lower convective zone at the bottom of the pond, which is 
used to drive the absorption chiller. The model of the chiller, air conditioning system and building is developed 
within the TRNSYS simulation environment [5], which calls the MATLAB code at each time step to couple the 
pond to the rest of the system. 
2.1. Solar pond and ground model 
 The simulation model is one-dimensional (neglecting heat loss from the sides of the pond) and is modified from 
[3, 6]. The vertical coordinate (x) is measured as positive downward, and x = 0 at the surface of the pond as shown 
in Figure 1. 
 
Ambient conditions (temperature, humidity, wind speed and solar radiation) are taken from an hourly weather 
data file.  The solar radiation penetrating the water decays exponentially with depth and is given by Equation (1) [7]. 
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The heat flow equation for the solar pond in the NCZ is given by Equation (2) [8]. 
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Energy balances for the UCZ and LCZ are used as boundary conditions for Equation 2. 
 
Assuming no insulation between the pond and the soil, the heat transfer between the bottom of the solar pond and 
the soil is given by Equation (3). [9] 
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The heat flow equation through the soil underneath the solar pond is given by Equation (4) [9]. 
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The sink temperature of the last layer is equal to the ground water table temperature. 
  
ௌܶூே௄ ൌ ܶ௪௔௧௘௥௧௔௕௟௘                                                                                                                                                     (5) 
 
2.2. System description 
The simulated solar cooling system is shown in Figure 2.  It consists of a single effect vapour absorption water 
chiller with a rated capacity of 7 TR, and set point of 7°C, thermally powered by the salinity gradient solar pond 
through a heat exchanger. The chiller requires an inlet hot water temperature of 70°C or more to operate [10]. 
Chilled water is passed through a cooling coil, and the cool air distributed by a fan to a 125 m2 single family house 
in Baghdad, Iraq (33.32° N, 44.42° E), based on a typical new house. The heat rejected from the chiller is dissipated 
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to the environment by a wet cooling tower. Pumps are used to circulate hot, chilled and cooling water, and a 
controller provides automatic operation of the system. Real component data is utilised in the simulation. The 
MATLAB code for the pond and soil are called by TRNSYS using the Type 155 component. The simulation was 
run for two simulated years to allow the system to approach its long-term performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Solar pond and ground model 
2.3.  Soil thermal properties 
Soil is a porous medium and is thus composed of solids and pores. The solids comprise mineral substances and 
organic matter; the pores may be filled with air or water in any of its three phases (liquid, vapour or ice) [11].   
Heat loss from the solar pond to the ground is by unsteady conduction and is affected by the soil's thermal 
conductivity, density and specific heat [12]. Obtaining accurate values for thermal properties of the soil requires a 
detailed site survey. Thermal properties of granular soils (sand, clay, silt) may be estimated from the sand and clay 
content, dry density, and moisture content. In this study, analytical equations were used to calculate the thermal 
properties of the soil based on soil type, dry density and moisture content. 
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Fig. 2. TRNSYS model 
 
 
The thermal conductivity of the soil (݇௚) was calculated from the equations given by [13] as follows: 
 
݇௚ ൌ ͲǤͳͶͶʹ͵ሺͲǤͻ ݈݋݃߱ െ ͲǤʹሻͳͲ଴Ǥ଴଴଴଺ଶସఘ೒೏         for silt and clay soils                                                                (6) 
 
݇௚ ൌ ͲǤͳͶͶʹ͵ሺͲǤ͹ ߱ ൅ ͲǤͶሻͳͲ଴Ǥ଴଴଴଺ଶସఘ೒೏          for sand soils                                                                            (7) 
 
The dry specific heat (Cpgd) and dry soil density (ߩ௚ௗ) of the soil must be corrected for moisture content as follows 
[13]: 
 
ܥ݌௚௖ ൌ ൣ߱ܥ݌௪ ൅ ሺͳͲͲ െ ߱ሻܥ݌௚ௗ൧ȀͳͲͲ                                                                                                                    (8) 
 
ߩ௚௖ ൌ ൣ߱ߩ௪ ൅ ሺͳͲͲ െ ߱ሻߩ௚ௗ൧ȀͳͲͲ                                                                                                                          (9) 
 
All values are used in this study are listed in Tables 1 and 2. There is a wide variation of thermal conductivity 
with soil type and, especially, moisture content. There is less variation of density and specific heat. 
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Table1. Soil thermal properties. [13][14][15] 
    Calculated  soil properties  Experimental soil 
properties 
  Unit    Clay and 
Silt [13] 
Clay and silt 2 
(calculated) 
5% moisture 
Clay and silt 2 
(calculated) 
10% moisture 
Sandy soil 
[14] 
Clay and 
sandstones 
[15] 
Clay 
and silt 
1 [15] 
Thermal conductivity ݇௚ W/m. °C 2.941 1.932 3.152 1.082 1.7 2.15 
Dry density ߩ௚ௗ kg/m3 2395 2395 2395 1382 -  
Moisture ߱ % 8.87 5 10 7.9 4.4 5.6 
Dry specific heat ܥ݌௚ௗ kJ/kg. °C 0.84 0.84 0.84 0.84 -  
Corrected density ߩ௚௖ kg/m3 2271 2325.25 2255.5 1352 1470 1350 
Corrected specific heat ܥ݌௚௖ kJ/kg.°C 1.137 1.007 1.175 1.105 2.0 1.137 
 
 
Table 2. Soil thermal properties with a different texture. [16] 
Soil type Moisture content  
% 
Density 
kg/m3 
Thermal conductivity 
W/m. °C 
Specific heat 
kJ/kg .°C 
Coarse sand(dry) 0 1800 0.25 0.800 
Coarse sand (sat.) 20.2 2080 3.72 1.483 
Fine sand (dry) 0 1600 0.15 0.800 
Fine sand (sat.) 24.6 2010 2.75 1.632 
  
3. Results 
The results presented here were obtained from simulation of the complete model for two simulated years, to 
ensure that the system approached its long-term performance. 
Four factors were studied for soil underneath the solar pond: moisture content, soil type, sandy soil texture and 
the depth of the water table. The absorption chiller required an inlet hot water temperature of 70°C or higher (based 
on manufacturer performance) to work at its design conditions. The effect of the four soil factors on the chiller inlet 
hot water temperature is shown in Table 3. 
 
At 5 m water table depth, soils which are dry or at moderate moisture content (up to 8%) allow the chiller to be 
operate most of the time from May to September (3400 hours or more).  At higher moisture contents, the chiller's 
possible operating time is greatly reduced, in some cases to zero. 
Increasing the depth of the water table beyond 5 m slightly increases the possible operating time.  Reducing the 
depth reduces the possible operating time, in some cases to zero. 
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Table 3. Number of hours for chiller inlet hot water temperature above 70°C with different ground conditions. 
 
4. Conclusions 
A coupled simulation between MATLAB and TRNSYS has been used to develop a model for a salinity gradient 
solar pond and the ground beneath it, with the pond driving an absorption chiller to cool a building through an air 
conditioning system. 
The thermal conductivity of the soil varies considerably with soil type and, especially, moisture content. There is 
less variation of density and specific heat. It was found that the solar pond and absorption chiller could be used to 
cool a single family house during the summer period in Iraq, but not for all soil types and ground conditions. Dry, 
fine sandy soil with low thermal conductivity was better than the other types of soil. The deeper the water table, the 
better the system performance. 
The ground conditions should be investigated before constructing a solar pond.  It may be necessary to insulate 
the pond from the ground, particularly in case of a high soil moisture content or a shallow water table. 
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